Experimental results are demonstrated for the cracking of nominally compressed Al y Ga 1−y N layers grown on Al x Ga 1−x N buffer layers with smaller lattice constants ͑y Ͻ x͒. The authors present a theoretical analysis showing that the inclination of pure edge threading dislocation lines effectively reduces the compressive stress, causing relaxation, and after reaching a certain thickness begins to generate the tensile stress gradient responsible for cracking. The critical layer thickness for crack nucleation in such a gradient elastic field has been found. The results of the modeling are in good agreement with experimental observations of crack onset in nominally compressed nitride layers. Nitride semiconductors, i.e., GaN and its ternary alloys, In x Ga 1−x N and Al y Ga 1−y N, are now widely used for creating new generation of electronic and optoelectronic devices. Large differences in lattice parameters between different alloy compositions and between the nitride layer and substrate give rise to a high level of elastic strains and corresponding mechanical stresses. As the layer growth proceeds, the increase in stored elastic energy may initiate various relaxation processes in the layer or substrate.
Nitride semiconductors, i.e., GaN and its ternary alloys, In x Ga 1−x N and Al y Ga 1−y N, are now widely used for creating new generation of electronic and optoelectronic devices. Large differences in lattice parameters between different alloy compositions and between the nitride layer and substrate give rise to a high level of elastic strains and corresponding mechanical stresses. As the layer growth proceeds, the increase in stored elastic energy may initiate various relaxation processes in the layer or substrate. 1 For nitride semiconductors the observed relaxation phenomena include misfit dislocation ͑MD͒ formation at the layer interfaces 2, 3 or cracking in the layer. 4, 5 Both of these phenomena are not completely understood in the case of mismatched nitride layers. Typically, ͑0001͒ oriented III-nitride layers have a high density of threading dislocations ͑TDs͒, which are commonly a consequence of the coalescence of relaxed islands in the VolmerWeber growth of the III-nitride directly on foreign substrates or on foreign substrates with nucleation layers. 6, 7 The most intriguing problem in the cracking of nitride layers is that it occurs in layers under nominal compression ͑for a discussion of this issue refer to Ref. 8͒ . In an early study, Itoh et al. argued that cracks initiated in the substrate, which was under tension. 4 However, for thin layers tensile stresses in relatively thick substrates are negligibly small. Subsequent experiments 5, 8 confirmed that cracks nucleated at the surface of the growing films in the modes typical for fracture under tensile load ͑e.g., as shown in detail in Ref. 9͒. To explain these observations, Romano et al. proposed that the stress state changed in the nitride layers with increasing thickness. 5 One possible mechanism of the development of tensile stresses in the growing layers was originally proposed by Hoffman as long as four decades ago. 10 It addresses the elastic strains and stresses arising at the stage of island coalescence provided that the layer grows in island mode. However, as it will be shown below, cracking can be observed in nominally compressed Al y Ga 1−y N films, which are similar to those studied in Refs. 11-13 and which grew in a step-flow mode. It was demonstrated in our previous work 12, 14 that stress relaxation in nominally compressed layers can be achieved via TD inclination, which leads to a gradual reduction of the compressive stress. Further layer growth with "frozen-in" inclined TDs will lead to the manifestation of a gradient in tensile stress, which at certain thickness can initiate layer cracking. The aims of the present letter are to report on the observation of cracking in nominally compressed layers with strain gradients and to develop a model for the critical thickness for the crack nucleation in such layers.
Si-doped Al 0.49 Ga 0.51 N/Al 0.62 Ga 0.38 N layers were grown on c-plane sapphire substrates by low pressure metal organic chemical vapor deposition. Trimethylgallium ͑TMG͒ and trimethylaluminum ͑TMA͒ were used as the group III precursors, while ammonia ͑NH 3 ͒ was the group V precursor. Disilane ͑DiSi= Si 2 H 6 ͒ was used for Si doping. The reactor pressure was kept constant at 100 Torr.The buffer layer growth was carried out in a H 2 ambient using a normal twostep process, where the deposition of a 16 nm thick AlGaN ͑Al content ϳ60%͒ nucleation layer at 600°C was followed by an ϳ0.95 m thick Al 0.62 Ga 0.38 N buffer layer grown at 1150°C with TMG and TMA flows of 28 and 60 mol/ min and no Si doping. Then a 136 nm thick Al 0.62 Ga 0.38 N was grown with the same TMG and TMA flows and a DiSi flow of 5.5 mol/ min, resulting in a silicon concentration of 3 ϫ 10 19 cm −3 in the epitaxial layer as determined by secondary ion mass spectroscopy. Then, either 130 nm thick or 750 nm thick Si-doped Al 0.49 Ga 0.51 N films were grown in a N 2 ambient on top of the buffer layer at 1150°C, using a TMG flow of 10 mol/ min, a TMA flow of 12 mol/ min, and a DiSi flow of 6.7 mol/ min, corresponding to a silicon concentration of 1.2ϫ 10 20 cm −3 in the film. The NH 3 flow was kept constant at 0.045 mol/ min for all layers. All structural studies showed that these layers grew in a step-flow mode. The structural properties of the Si-doped Al 0.49 Ga 0.51 N films were evaluated by atomic force microscopy, highresolution x-ray diffraction, and transmission electron microscopy ͑TEM͒.
The relaxation in the Al 0.49 Ga 0.51 N layer relative to the underlying Al 0.62 Ga 0.38 N layer was determined by a combination of on-axis ͑0001͒ -2 scans and reciprocal space maps in the vicinity of the ͑1015͒ reflection ͑see Refs. 11 and 12 for more details͒. The degree of relaxation R ͑where R = 1 corresponds to fully relaxed and R = 0 corresponds to fully coherent͒ for both the 130 and 750 nm thick layers was R = 1.01, indicating no elastic strain at the layer surface. For our zero order approximation, we have taken the main contribution in the formation of Bragg reflection coming from the near surface film region. Therefore we attribute R to this subsurface region of the film and compare this further with strain calculated exactly at the surface. In this simplified picture averaging over the layer thickness is excluded from the model. Optical microscopy studies of the 130 nm thick layer ͓Fig. 1͑a͔͒ showed no cracking whereas optical microscopy of the 750 nm thick layer showed cracks with an ϳ20 m spacing ͓Fig. 1͑b͔͒. We attribute the similar relaxation for the 130 and 750 nm films to the cracking of the 750 nm thick film. Cracks in the film can relieve normal film stresses for lateral dimensions several times the film thickness. Crosssection TEM studies of the sample with the nominally 130 nm thick layer, Fig. 1͑a͒ , showed that the TDs inclined in the Al 0.49 Ga 0.51 N layer. In contrast, the sample with the 750 nm thick layer, Fig. 1͑b͒ , also showed inclined TDs in the Al 0.49 Ga 0.51 N layers but also showed cracks with openings from mid-depth in the Al 0.49 Ga 0.51 N layer to the bottom of the Al 0.49 Ga 0.51 N layer. The occluded crack indicated that the layer cracked during growth, providing stress relief, and then the crack was laterally overgrown.
An approach to understand stress relaxation via TD inclination in nominally compressed ͑0001͒ oriented nitride layers has been originally described in Ref. 11 and then developed in detail in Refs. 12 and 14. It was argued that stress relaxation occurs by the inclined segments of edge TDs with Burgers vectors of the type ͑1/3͒͗1120͘. In the buffer layer, these TDs have a ͓0001͔ line direction; however, in the compressed layer, they become systematically inclined with respect to the ͓0001͔ growth direction by some angle ␣. In plan view inclined TDs look like MD segments oriented along ͗1100͘-type directions.The analysis given in Ref. 12 shows that inclined TDs will be responsible for the relaxation plastic strain gradient:
where b is the magnitude of TD Burgers vectors and TD is the TD density. As a result of the plastic relaxation, the elastic strain gradient leads to the following strain dependence on position inside the layer with inclined TDs:
where h is the thickness of the layer with inclined TDs, m is the magnitude of the initial compressive strain in the layer, e.g., due to the lattice mismatch with respect to the underlying buffer layer, and z is the coordinate counted from the layer surface ͑see Fig. 2͒ . The gradient in strain relaxation ٌ pl can be determined from Eq. ͑1͒, but it also can be easily estimated from ٌ pl = m / h 0 , where h 0 is the layer thickness of complete strain relaxation ͑zero elastic strain͒ on its surface. Stresses in the layer have similar behavior:
where we assume that linear stress dependence is in the layer of thickness h ͑see Fig. 2͒ , m is stress gradient defined as m = 0 / h 0 , and 0 is the initial magnitude of compressive stresses that is related to equibiaxial mismatch m :
where C kl are elastic constants for wurtzite-type semiconductors.
The value of 0 can be estimated, for example, for Al 0.49 Ga 0.51 N layer, which is matched to Al 0.62 Ga 0.38 N buffer. In this case m Ϸ 0.0032 ͑Ref. 12͒ and C 11 , C 12 , C 13 , and C 33 for the layer ternary composition can be obtained by applying Vegard's law to the known constants for GaN and AlN ͑Ref. 15͒ that results in 0 Ϸ 1.47 GPa. The stress gradient can be estimated by taking the experimentally determined 12 value of h 0 Ϸ 130 nm that gives m Ϸ 11.3 GPa/ m ͑or 10 15 Pa/ m͒. It is obvious that if the stress gradient is sustained during further layer growth, a high level of tensile stress can be generated in the subsurface part of the layer.
We now consider the case when the tensile stress on the surface is sufficient to induce cracking ͓as shown in Fig.  2͑b͔͒ . We limit our consideration to plane strain, wherein the crack front is relatively long along the y axis and the crack plane remains perpendicular to the x axis. We consider the "edging" mode as described in Ref. 9 . The presence of a tensile stress field perpendicular to the crack plane implies that some mode I stress intensity factor K I will be induced at the crack tip that would be indicative of a driving force for crack extension, in accordance with linear elastic fracture mechanics theory. The stress intensity would depend on several variables, such as layer thickness h, the magnitude of the internal compressive stress 0 , the stress gradient m and the crack length a. The stress intensity factor for a crack of prescribed length a can be determined through a superposition procedure outlined by Anderson, 16 and is given by
where ͑͒ = xx is the stress along the plane in the uncracked solid where the crack is envisaged to occur, as given by Eq. ͑3͒. Equation ͑5͒ is also rooted in the "weight" function theory developed in Ref. 17 
The integration can be performed analytically for gradient stress given by Eq. ͑3͒, this analytical solution will be presented elsewhere. An example of the numerical results for K I ͑a͒ is shown in Fig. 3 . As a general trend, K I initially increases with crack size, i.e., the driving force increases as the crack grows. After reaching a maximum, the driving force decreases with increasing crack size. In all cases, it is expected that crack arrest would occur, if any growth occurs at all. One can define a critical thickness for cracking h crit by identifying the maximum K I with the critical stress intensity factor for fracture ͑or fracture toughness͒, K Ic , and solving for h:
, ͑7͒
where the functions f 1 20 in Eq. ͑7͒ gives ⌬h crit Ϸ 173 nm, i.e., h crit Ϸ 303 nm. This result is consistent with our experimental observations, which show that nominally compressed Al 0.49 Ga 0.51 N layers with inclined TDs remained crack-free for the thicknesses below ϳ300 nm, but demonstrated cracks for thicknesses on the order of 400 nm.
The proposed mechanism of crack nucleation in nominally compressed layers with strain gradients will operate only when TDs maintain in their frozen-in inclined orientation. The reason why TDs do not change their direction when the sign of the stress changes from compression to tension is unresolved. One speculation is that the growth with frozen-in TDs is governed by local processes in the vicinity of TD intersection with a layer surface. For a discussion we can comment that some data in the literature also indicated the presence of inclined TDs in initially compressed nitride layer, e.g., as those shown in Fig. 3͑c͒ in Ref. 5 ͑but not noted by the authors in that time͒, undergoing tensile stress state with increasing the thickness.
